Schwartz MW, Niswender KD. Hypothalamic proinflammatory lipid accumulation, inflammation, and insulin resistance in rats fed a high-fat diet. Am J Physiol Endocrinol Metab 296: E1003-E1012, 2009. First published December 30, 2008 doi:10.1152/ajpendo.90377.2008.-Weight gain induced by an energy-dense diet is hypothesized to arise in part from defects in the neuronal response to circulating adiposity negative feedback signals, such as insulin. Peripheral tissue insulin resistance involves cellular inflammatory responses thought to be invoked by excess lipid. Therefore, we sought to determine whether similar signaling pathways are activated in the brain of rats fed a high-fat (HF) diet. The ability of intracerebroventricular (icv) insulin to reduce food intake and activate hypothalamic signal transduction is attenuated in HF-fed compared with low-fat (LF)-fed rats. This effect was accompanied by both hypothalamic accumulation of palmitoyl-and stearoyl-CoA and activation of a marker of inflammatory signaling, inhibitor of B kinase-␤ (IKK␤). Hypothalamic insulin resistance and inflammation were observed with icv palmitate infusion or HF feeding independent of excess caloric intake. Last, we observed that central IKK␤ inhibition reduced food intake and was associated with increased hypothalamic insulin sensitivity in rats fed a HF but not a LF diet. These data collectively support a model of diet-induced obesity whereby dietary fat, not excess calories, induces hypothalamic insulin resistance by increasing the content of saturated acyl-CoA species and activating local inflammatory signals, which result in a failure to appropriately regulate food intake. lipotoxicity; fatty acid; adipose THE INCIDENCE OF OBESITY has increased dramatically over the last 15 years, such that two-thirds of adults in the US are now overweight or obese, and the prevalence of childhood obesity has increased similarly (22). In light of clear evidence (37) that body adiposity in normal individuals is constrained by physiological mechanisms that protect against weight gain, dysfunction of biological mechanisms that control body weight is implicated in the rapid increase of obesity prevalence in human populations. Delineating the nature of this dysfunction is a high priority.
THE INCIDENCE OF OBESITY has increased dramatically over the last 15 years, such that two-thirds of adults in the US are now overweight or obese, and the prevalence of childhood obesity has increased similarly (22) . In light of clear evidence (37) that body adiposity in normal individuals is constrained by physiological mechanisms that protect against weight gain, dysfunction of biological mechanisms that control body weight is implicated in the rapid increase of obesity prevalence in human populations. Delineating the nature of this dysfunction is a high priority.
A current model of energy homeostasis proposes that body adiposity is regulated by an endocrine "adiposity" negative feedback loop involving the hormones insulin and leptin (33) . Both hormones function in a negative feedback manner to reduce food intake while increasing energy expenditure via actions on target neurons found in the arcuate nucleus (arc) of the hypothalamus (33) and elsewhere in the brain (9) . Such neurons express receptors for insulin and leptin (2, 41) , respond directly to these hormones (38, 39) , and project to key brain areas involved in energy homeostasis (9) .
In the setting of positive energy balance (energy intake in excess of expenditure), this model predicts that increased circulating insulin and leptin levels should elicit neuronal responses that reduce food intake, increase energy expenditure, and protect against pathological expansion of fat mass. Indeed, this integrated response is well described in animal models in which food is delivered directly to the stomach in amounts that exceed ongoing energy needs (34) but appears to be disrupted in common forms of human obesity and in rodent models of diet-induced obesity (DIO) in which palatable food is voluntarily overconsumed. In these forms of obesity, increased fat mass is accompanied by the expected elevation of plasma insulin and leptin levels; however, food intake remains normal or elevated (19) . These findings suggest that DIO is characterized by the acquisition of functional central nervous system (CNS) resistance to insulin (6) and leptin (23) , which, in turn, contributes to pathological weight gain. Since insulin and leptin can utilize common intracellular signal transduction pathways (24, 26, 27) , neuronal resistance to these hormones may involve the same or similar mechanisms. Here, we seek to extend emerging evidence (6, 44) that CNS insulin resistance involves hypothalamic inflammation induced by over nutrition via mechanisms analogous to those mediating peripheral insulin resistance in obese individuals.
In peripheral tissues such as muscle or liver, the effect of insulin to lower blood glucose levels depends on activation of the insulin receptor, insulin receptor substrate (IRS) proteins, and phosphatidylinositol 3-kinase (PI3K). Consistent with this hypothesis, acquired defects in intracellular PI3K signal transduction are implicated in the pathogenesis of insulin resistance in obesity and diabetes (13, 36) . One mechanism for the pathogenesis of insulin resistance in peripheral tissues proposes that intracellular accumulation of long-chain fatty acylCoA molecules (or metabolites thereof) activates serine/threonine kinase signal transduction cascades (potentially involving PKC and/or IKK␤) that dampen insulin signal transduction via serine phosphorylation of the insulin receptor and IRS proteins.
We and others (3, 26) have demonstrated that insulin activates PI3K in the mediobasal hypothalamus and that the ability of intracerebroventricularly administered insulin to inhibit food intake requires intact neuronal PI3K signaling. Since obesity is associated with insulin resistance at the level of PI3K signaling in peripheral tissues (30), we hypothesized that a similar defect in insulin-stimulated PI3K activation also occurs in the hypothalamus and thereby favors further weight gain. Consistent with this hypothesis, De Souza et al. (6) recently reported that DIO in rodents induces inflammatory gene and cytokine expression in the hypothalamus and that these effects are associated with diminished hypothalamic insulin signal transduction. Further, genetic interventions designed to reduce neuronal IKK␤ signaling in mice were recently reported to reduce intake of a high-fat (HF) diet, whereas interventions that increase neuronal IKK␤ signaling had the opposite effect (44) . Thus cellular inflammation induced in hypothalamic neurons by nutrient excess is implicated in the mechanism whereby HF diets promote obesity.
In the current work, we first sought to confirm previous reports (6) that obesity induced by HF feeding blunts the food-intake-lowering effects of insulin delivered directly into the brain and that this effect is accompanied by impaired activation of hypothalamic PI3K signaling. We then investigated 1) whether accumulation of intracellular long-chain acylCoAs occurs in mediobasal hypothalamus of rats with DIO, as described in peripheral insulin resistance; 2) whether an acute increase in local levels of the saturated fatty acid palmitate (by infusion directly into the adjacent third cerebral ventricle) induces hypothalamic insulin resistance; 3) whether consumption of a HF diet in an amount equal to that consumed by rats fed a low-fat (LF) diet is sufficient to impair insulin-stimulated PI3K signaling and induce inflammation in the hypothalamus; and 4) whether pharmacological inhibition of central IKK␤ signaling selectively reduces intake of a HF diet.
MATERIALS AND METHODS

Animal Studies
The National Institutes of Health regulations for the use and care of animals were followed and studies were approved by the Institutional Animal Care and Use Committees at the University of Washington, University of Cincinnati, and Vanderbilt University. Long-Evans rats initially weighing 250 -300 g (Harlan, Indianapolis, IN) were housed individually and fed micronutrient matched diets containing either 60% (HF) or 10% fat (LF); both fat sources from lard (Research Diets D12492 and D12450B, New Brunswick, NJ). Adiposity was determined by magnetic resonance spectrometry (Echo Medical Systems, Houston, TX). We defined DIO as a 10% increase of body weight in the HF vs. the LF group, typically achieved after 5-7 wk.
Study Protocols
Effect of intracerebroventricular insulin on food intake. Third ventricle cannulation was performed (26, 27) , and animals were placed on LF (10%) or HF (60%) diets. After DIO was established, animals were fasted for 5-6 h before dark cycle onset and received an injection of saline (1 l) vehicle or insulin (8 mU in 1 l) intracerebroventricular 1 h before lights off. Food intake was measured over a 24-h period after treatment.
Hormones/metabolites. DIO rats were euthanized after a 4-h fast, and trunk blood was collected in EDTA tubes. Plasma hormones were assayed by the Vanderbilt Diabetes Center Hormone Assay Core (Nashville, TN). Total free fatty acids (FFA) were measured using Wako FFA kit (Wako Pure Chemical Industries, Osaka, Japan).
Glucose tolerance test. Glucose tolerance testing was conducted by bolus intraperitoneal glucose injection (2.5 g/kg body wt, 50% dextrose solution) after a 6-h fast. Blood glucose was measured from the tip of the tail at 20-min intervals using a glucometer (Freestyle Flash; Abbott Laboratories, Abbott Park, IL), and the area under the glucose curve was calculated.
Biochemistry. After a 24-h fast, an intracerebroventricular injection of insulin (10 mU in 1 l saline) or saline vehicle (1 l) was given and 20 min later animals were euthanized and the mediobasal hypothalamus rapidly removed and frozen (26, 27) . Activation of PI3K signal transduction was assessed by measuring phosphoserine protein kinase B (PKB; serine residue 473) in hypothalamic extracts by ELISA assay (Biosource, Camarillo, CA) or by Western blot and densitometry quantification. The phosphoserine inhibitor of B-kinase-␤ (IKK␤ serine residue 181) and total IKB␣ were also assessed by Western blot and quantified by densitometry. All antibodies were purchased from Cell Signaling Technology (Beverly, MA).
Long-chain acyl-CoA analysis. Animals were euthanized after a 4-h fast, and the mediobasal hypothalamus was rapidly removed and frozen. Samples were prepared and CoA species purified on solid phase oligonucleotide purification columns, according to Deutsch et al. (7) . Samples were derivatized with n-butylamine for gas chromatography-electron ionization-mass spectrometry analysis, using a 15-m DB-1 column (J&W Scientific, Folsom, CA) and selected ion monitoring, using a Hewlett-Packard (HP) 6890 gas chromatograph coupled to an HP 5973 mass detector operated in the positive EI mode. C16:0 (palmitoyl-CoA), C18:0 (stearoyl-CoA), and C18:1 (oleoyl-CoA) were quantified by calculating their respective peak areas.
Intracerebroventricular palmitate infusion. A stock solution of 1 mM palmitic acid (Alltech Associates, Deerfield, IL) was prepared as described previously (14) . The vehicle injectate was prepared equivalently but minus palmitic acid. After an overnight fast, male LongEvans rats maintained on standard chow diet had primed injectors (Plastics One, Roanoke, VA) inserted into previously placed (7 days) third ventricular cannula. Intracerebroventricular vehicle or intracerebroventricular palmitate was infused at 0.5 ul/min, delivering 0.5 nmol palmitate (or vehicle)/min for a total dose of 120 nmol by micropump, while animals were in their home cages. The injectors were then removed and an intracerebroventricular injection of either 10 mU insulin or vehicle was performed, and the animals were euthanized 20 min later for analysis of hypothalami.
Pair-Feeding Study
Animals were divided into three treatment groups: LF, HF, and high-fat diet, pair-fed (PF). The LF and HF groups were given unrestricted access to diet containing 10 or 45% kcal fat (fat source from lard) and matched for micronutrient composition (D12450 and D12451; Research Diets). This study utilized the 45% instead of 60% fat diet to facilitate the matching of caloric intake. The PF group was given the same 45% HF diet but access was limited to match the caloric intake of the LF group; two-thirds of total daily calories were given to PF rats at lights off and the remaining one-third at lights on. A glucose tolerance test was performed as described except using a glucose dose of 3 g/kg lean mass of a 50% dextrose solution after 3 wk of diet administration. At the end of the study (4 wk of diet administration), 4-h fasted animals received an intraperitoneal injec-tion of saline or glucose (3 g/kg lean mass, 50% dextrose). Blood glucose measurements were taken before and 15 min after the intraperitoneal injection. Animals were euthanized after 15 min blood glucose measurement, and tissues were collected for analysis of phosphoserine PKB, phosphoserine IKK␤, and total IB␣. Trunk blood was collected for plasma insulin measurements.
Intracerebroventricular IKK Inhibitor Study
For food intake studies, intracerebroventricular cannulated animals fed a LF (10%) or HF (45%) diet (Research Diets D12450 and D12451) ad libitum for 8 wk received an intracerebroventricular dose of vehicle or PS-1145 (10 g in saline; Sigma-Aldrich, St. Louis, MO), an IKK inhibitor, after a 4-h fast. Food intake was measured over a 4-and 24-h period after treatment. During food intake studies, animals were also provided with kaolin pellets and kaolin consumption was measured to monitor any indications of visceral illness (nonspecific reduction of food intake) due to the intracerebroventricular treatments (21) . For biochemical analysis of inhibitor activity, laboratory chow (LabDiet #5001; LabDiet, St. Louis, MO) fed animals were fasted and given an intracerebroventricular dose of vehicle or PS-1145 (3 g) into the third ventricle 6 h before euthanasia. Hypothalami were collected for measurement of total IB␣ levels, a measure of IKK␤ activity. For biochemical analysis of the effect of intracerebroventricular PS-1145 infusion on hypothalamic insulin signal transduction, HF-fed animals (10 wk of diet) were fasted and given a dose of PS-1145 (3 g) into the third ventricle 6 h before study termination. Animals then received an intracerebroventricular injection of either vehicle or 10 mU insulin 1 h before euthanasia. Hypothalami were collected for measurement of phosphoserine PKB.
Statistical Analysis
Data are means Ϯ SE. Two-group comparisons were performed using Student's t-test and three-group comparisons by one-way ANOVA, with P values Ͻ0.05 considered significant. Correlation analysis was performed using Graphpad Prism's correlation analysis tool (Graphpad Software, San Diego, CA).
RESULTS
DIO
Rats fed a HF diet gained significantly more body weight and fat mass than LF-fed controls over time (Fig. 1, A and B) . Plasma insulin (Fig. 1C) and leptin (Fig. 1D ) levels were elevated after 7 wk of HF feeding in a manner that paralleled their increase of adiposity (r ϭ 0.58, P ϭ 0.009; r ϭ 0.93, P Ͻ 0.0001, respectively; n ϭ 8 -10; Fig. 1, E and F) . Similarly, 7-wk HF-fed animals exhibited impaired glucose tolerance compared with LF controls [ Fig. 1G ; area under the curve (AUC): 45,660 Ϯ 1,634 vs. 38,770 Ϯ 2,059; P ϭ 0.016; n ϭ 8 -10/group] and the magnitude of this impairment also correlated significantly with body fat mass (r ϭ 0.72; P ϭ 0.0001; n ϭ 8 -10/group; Fig. 1H ). DIO induced by HF feeding was also associated with elevated plasma levels of FFAs (LF: 0.92 Ϯ 0.1 mmol/l and HF: 1.31Ϯ 0.1 mmol/l; P ϭ 0.02; n ϭ 7-9/group).
Responses to Intracerebroventricular Insulin
After infusion into the third cerebral ventricle, insulin induced a readily detectable food-intake-lowering effect in LF controls. In contrast, intracerebroventricular insulin had no effect on intake in HF-fed animals ( Fig. 2A) . To investigate the hypothesis that behavioral (food intake) resistance to insulin involves impaired activation of hypothalamic PI3K signal transduction, as occurs in peripheral tissues of obese animals and humans (reviewed in Ref. 30 ), we measured serine phosphorylation of PKB (a marker of PI3K activation) in mediobasal hypothalamic extracts 20 min after intracerebroventricular infusion of either insulin (10 mU) or vehicle. Whereas hypothalamic phosphoserine PKB was induced strongly by intracerebroventricular insulin administration in the LF group (Fig. 2B) , this response was absent in the HF group (Fig. 2B) , despite higher hypothalamic phosphoserine PKB levels at baseline. Collectively, these findings confirm previous evidence in rats (6), whereby DIO induces central insulin resistance when measured either in terms of its ability to reduce food intake or its ability to induce hypothalamic IRS-PI3K signal transduction.
Hypothalamic Long-Chain Fatty Acyl-CoA Content and Inflammatory Signaling
In peripheral tissues, pathological accumulation of intracellular long-chain acyl-CoA molecules (10, 36) is implicated in the pathogenesis of insulin resistance. To investigate whether a similar mechanism occurs in the CNS, we measured hypothalamic levels of three long-chain acyl-CoA species: palmitoyl (C16:0)-, stearoyl (C18:0)-, and oleoyl-CoA (C18:1). DIO was associated with markedly increased hypothalamic content of two saturated acyl-CoA species, palmitoyl-and stearoyl-CoA (Fig. 3A) . Interestingly, levels of oleoyl-CoA, which is monounsaturated and hypothesized to exert antiobesity effects in mediobasal hypothalamus (29) , were not elevated in the HF group (Fig. 3A) . Furthermore, the level of phosphoserine IKK␤ (a marker of activated IKK␤ and cellular inflammation) was also elevated in hypothalami of HF-fed rats (Fig. 3B) .
Hypothalamic Response to Intracerebroventricular Palmitate
Because palmitate readily induces insulin resistance in peripheral tissues (15, 35) and because HF feeding increases hypothalamic palmitoyl-CoA levels (Fig. 3A) , we asked whether intracerebroventricular infusion of palmitate in rats maintained on a standard chow diet mimics the effect of HF feeding on hypothalamic insulin signaling, palmitoyl-CoA accumulation, and IKK␤ activity. After intracerebroventricular infusion of palmitate for 240 min (0.5 nmol/min; 120 nmol total), hypothalamic palmitoyl-CoA content was increased, while the ability of intracerebroventricular insulin to increase PI3K signaling, as detected by PKB serine 473 phosphorylation, was significantly blunted relative to intracerebroventricular vehicle-infused animals in which hypothalamic PI3K activation after subsequent intracerebroventricular insulin treatment was readily detected (Fig. 4, A and B) . Concomitant with increased palmitoyl-CoA content and a reduction in activation of PKB, increased phosphorylation of IKK␤ (Fig. 4C ) and decreased IB␣ content (an additional marker of IKK␤ activity; Fig. 4D ) were also observed in hypothalamic extracts. and insulin resistance observed during HF feeding are dependent upon dietary caloric excess or, alternatively, on inherent physicochemical properties of dietary fat, we measured changes in body weight, adiposity, and glucose tolerance in a separate study that included a group of rats (PF) that were fed the HF diet in an amount that was matched to the caloric intake of LF controls (Fig. 5A) . Interestingly, rats fed the HF diet (HF and PF) gained significantly more fat mass than LF controls, even when their intake was matched to that of animals on the LF diet (Fig. 5, B and C) . Thus PF gained 60% more than LF and gained 82% of the fat mass accrued by the HF group.
After 3 wk of diet treatment, HF-fed animals exhibited impaired glucose tolerance compared with LF controls as expected (Fig. 5, D and E) , while the PF animals exhibited a similar impairment of glucose tolerance (PF AUC: 8,130 Ϯ 1,023 and HF AUC: 8,430 Ϯ 791, respectively; P ϭ NS; n ϭ 9 -11/group). However, the difference in glucose AUC did not reach statistical significance between the PF and LF group ( Fig. 5E ; PF AUC: 8,130 Ϯ 1,023 vs. LF AUC: 6,160 Ϯ 519; P ϭ 0.06; n ϭ 9 -11/group). As expected, fasting plasma glucose concentration was lower in the LF than the HF group (110 Ϯ 3 vs. 119 Ϯ 3 mg/dl; P Ͻ 0.05). Fasting plasma glucose levels in the PF group (102 Ϯ 3 mg/dl) were not directly comparable with the other groups due to longer period of fasting necessitated by the pair-feeding regimen.
Effect of Dietary Fat on Hypothalamic Response to Endogenous Insulin
To measure hypothalamic sensitivity to endogenously secreted insulin, we performed an intraperitoneal injection of glucose. Mean blood glucose concentrations 15 min after glucose administration were identical between the groups, although baseline levels were slightly lower in the PF group (baseline: 109 Ϯ 3 mg/dl PF group, 118 Ϯ 3 mg/dl LF group, and 120 Ϯ 3 mg/dl HF group; post intraperitoneal glucose: Fig. 1 . Effect of high-fat feeding on body weight and composition, plasma hormone levels, and glucose tolerance. Effects of consuming either a low-or high-fat diet on body weight (A) and body adiposity (B) and on plasma insulin (C) and leptin (D) levels. Differences in plasma concentrations of insulin (E) and leptin (F) across groups were significantly correlated with changes of body adiposity (r ϭ 0.58 and r ϭ 0.93, respectively; P Ͻ 0.01 for each), as were differences in the blood glucose concentration measured during an intraperitoneal glucose tolerance test and area under the curve (AUC) of glucose excursion was significantly correlated with adiposity (r ϭ 0.72; P ϭ 0.0001; G and H).
# P Ͻ 0.05; *P Ͻ 0.01.
283 Ϯ 18 mg/dl PF group, 280 Ϯ 9 mg/dl LF group, and 268 Ϯ 17 mg/dl HF group). Likewise, baseline plasma insulin levels were slightly lower in the PF animals compared with LF and HF animals (0.7 Ϯ 0.04 ng/ml in the PF group, 1.6 Ϯ 0.3 ng/ml LF, and 1.5 Ϯ 0.2 ng/ml HF), owing to the longer period of fasting imposed by the pair-feeding protocol. Nonetheless, glucose-stimulated plasma insulin levels were identical among all three groups (4.1 Ϯ 0.6 ng/ml PF group, 4.4 Ϯ 1.0 ng/ml LF group, and 4.3 Ϯ 0.3 ng/ml HF group). Animals were euthanized 15 min after glucose injection and hypothalamic extracts assayed for both IKK␤ activity and phosphoserine PKB. As previously observed (Fig. 2B) , HF animals exhibited slightly higher baseline phosphoserine PKB levels that were not further increased in response to glucose-stimulated insulin secretion, whereas in the LF group, glucose-induced insulin secretion was associated with increased serine 473-PKB phosphorylation in hypothalamic extracts ( Fig. 6A ; P Ͻ 0.05; n ϭ 6 -7/group). Phosphorylation of PKB was also blunted in the hypothalamus of PF animals after intraperitoneal glucose, as was observed in the HF group (Fig. 6A) . Moreover, when plotted vs. plasma insulin levels, PKB phosphorylation was significantly correlated with plasma insulin concentration in the LF group ( Fig.  6D ; r ϭ 0.73; P ϭ 0.01) but not in the HF or PF groups. Consistent with the hypothesis that HF feeding causes hypothalamic inflammation even in the absence of hyperphagia, consumption of a HF diet, even when limited to the caloric intake of the LF group (PF), was associated with increased phosphorylation (activation) of IKK␤ ( Fig. 6B ) and reduced levels of IB␣ (Fig. 6C) . We next sought to compare insulin responses in key peripheral tissues to those observed in the hypothalamus of the three groups of rats. In the liver, activation of PKB was comparable after intraperitoneal glucose (Fig. 6E) , and while resistance to insulin activation of PKB in skeletal muscle (gastrocnemius; Fig. 6F ) was observed in the HF group, PF rats displayed intermediate sensitivity. After a relatively brief exposure to a HF diet (4 wk), therefore, the PF group displayed intact insulin signal transduction in liver, partially reduced insulin signaling in muscle, and a complete inhibition of insulin-induced PKB activation in hypothalamus. This observation raises the possibility that the CNS may be more susceptible than peripheral tissues to HF diet-induced insulin resistance.
Effect of Central IKK␤ Inhibition on Food Intake, Inflammation, and Insulin Signaling
To determine whether increased hypothalamic IKK␤ activity contributes to the effect of HF feeding on food intake and hypothalamic insulin action, we administered a pharmacological inhibitor of IKK (PS-1145; 10 g) into the third cerebral ventricle of rats fed either a HF (45%) or a LF diet. As shown in Fig. 7A , this intervention had no effect on food intake in the LF group (animals that are characterized by relatively low hypothalamic IKK␤ activity; Fig. 3B ). In contrast, intracerebroventricular infusion of PS-1145 potently reduced intake for up to 24 h in rats fed the HF diet (Fig. 7A ) in whom hypothalamic IKK␤ activity is relatively increased (Fig. 3B ). This effect was dose dependent, as a lower dose of PS1145 (3 g intracerebroventricular) reduced food intake through 4 but not 24 h (data not shown). As expected, intracerebroventricular PS-1145 administration also inhibited hypothalamic IKK activity, as indicated by increased IB␣ content compared with vehicle treatment (Fig. 7B) , and when given as a pretreatment injection (3 g, 5 h before 10 mU intracerebroventricular insulin), it modestly, but significantly, increased insulin activation of AKT in the hypothalamus of rats on the HF diet (Fig.  7C) . That the feeding effect of PS-1145 could be due to "visceral" or nonspecific illness seems unlikely for two reasons. First, no such feeding effect was observed in animals consuming the LF diet, and second, drug treatment did not elicit an increase of kaolin intake (LF vehicle: 0.9 Ϯ 0.2 g, LF inhibitor: 1.0 Ϯ 0.3g, HF vehicle: 1.1 Ϯ 0.4g, and HF inhibitor: 1.2 Ϯ 0.3 g; P ϭ NS; n ϭ 6 -7/group), a marker of visceral illness (21) .
DISCUSSION
The control of energy homeostasis depends on input to key brain areas from adiposity negative feedback signals such as insulin and leptin. We (25, 32) and others (6, 44) have hypothesized that as in peripheral tissues resistance to insulin in the CNS is a consequence of nutrient excess and that once it develops it contributes to the defense of an elevated body weight. Here, we sought to characterize the effect on hypothalamic insulin action of lipid in the form of dietary fat, fatty acid infusion, and dietary fat fed under eucaloric conditions. In line with previous observations (6), we found that obesity induced by a HF diet is accompanied by activation of inflammatory Fig. 4 . Effect of intracerebroventricular palmitate on hypothalamic insulin signaling. After intracerebroventricular infusion of palmitate-BSA or BSA vehicle for 4 h (0.5 nmol/min), the effect of intracerebroventricular insulin (10 mU) on IRS-PI3K signaling measured as phosphoserine PKB was determined in the mediobasal hypothalamus (A), as was the effect on palmitoyl-CoA accumulation (B), IKK␤ phosphorylation (C), and total IB␣ level (D: when activated, IKK␤ phosphorylates IB␣ resulting in degradation).
# P Ͻ 0.05; *P Ͻ 0.01. Fig. 5 . Effects of eucaloric high-fat feeding (pair-feeding) on body composition, and glucose tolerance. The food intake of the pair-fed group was calorically matched to that of the low-fat diet fed group and the high-fat group consumed significantly more calories than both the low-fat and pair-fed groups (A; P Ͻ 0.01). Fat mass gain (B) and body adiposity (C) were elevated in pair-fed animals to nearly the level of ad libitum high-fat fed animals. Likewise, pair-fed animals had similar blood glucose excursion (D) and AUC (E) during an intraperitoneal glucose tolerance test as ad libitum high-fat fed animals.
# P Ͻ 0.05; *P Ͻ 0.01. C: symbols below low-fat data points indicate statistical significance compared with pair-fed group and symbols above high-fat data points indicate statistical significance compared with low-fat group.
signaling involving IKK␤ and both behavioral and biochemical resistance to insulin. In addition, we made the novel observation that HF feeding induced hypothalamic accumulation of saturated long-chain acyl-CoA, which prompted additional investigation into the hypothalamic consequences of lipid excess.
As expected (42), we found that compared with LF-fed controls, Long-Evans rats fed a HF, lard-based diet exhibited increases of body weight and body adiposity that, combined with elevated plasma levels of both insulin and leptin, are indicative of systemic resistance to both hormones. Impaired glucose tolerance is a consequence of insulin resistance (and inadequate ␤-cell compensation) in obese humans (16) and animal models (42) and was present in proportion to the degree of adiposity in HF-fed rats. To confirm previous evidence (1, 6) that central insulin resistance is also present in DIO, we compared the response to intracerebroventricular insulin between the HF and LF groups in terms of both food intake inhibition and activation of hypothalamic signaling via the IRS-PI3K pathway and observed a blunted insulin effect in both assays. Together these findings extend emerging evidence that DIO is associated with impaired activation by insulin of both food-intake-lowering pathways and IRS-PI3K signaling in the hypothalamus.
Animals placed on a HF diet are characteristically hyperphagic (18, 42) and are therefore exposed both to excess calories and excess dietary lipid. The extent to which hyperphagia in this setting is due to increased palatability vs. increased fat content per se remains uncertain. Also uncertain is how HF feeding causes the defended level of body weight to gradually increase, reflecting an attenuation of compensatory responses designed to prevent excess fat deposition. One potential explanation for this phenomenon is that dietary fats possess inherent physicochemical properties that impair central mechanisms governing energy homeostasis.
Saturated fatty acids such as palmitate are implicated in the development of peripheral insulin resistance via a mechanism hypothesized to involve intracellular accumulation of lipotoxic substrates such as long-chain acyl-CoA (or metabolites thereof; Ref. 36) . In lean animals that were not previously exposed to high levels of dietary fat, we found that intracerebroventricular infusion of palmitate recapitulates the effect of DIO to cause both inflammation (as judged by IKK␤ activation) and insulin resistance (as judged by reduced PI3K signaling) in the hypothalamus. As in peripheral tissues (8) , therefore, exposure of the CNS to excess saturated fatty acids is sufficient to trigger cellular responses that reduce insulin action.
To investigate whether exposure to excess dietary fat causes CNS insulin resistance even in the absence of excess energy intake, we performed an additional study in which a third group of animals was included that were fed the HF diet but allowed to consume food only in amounts that matched the caloric intake of LF-fed controls. Intriguingly, despite consuming the same number of calories, the PF group accrued significantly more adipose tissue than the LF-fed animals (they gained 82% of the adipose of the HF-fed group) and developed impaired glucose tolerance similar to that observed in the HF group fed ad libitum. This finding suggests that, independently of total energy intake, increased dietary fat intake may undermine CNS responses to adiposity negative feedback signals such as insulin, thus leading to the defense of an elevated level of body fat mass. Consistent with this interpretation, we found that hypothalamic IKK␤ signaling was increased in both HF and PF groups compared with LF-fed controls and that whereas hypothalamic PI3K signaling was increased by glucose-induced stimulation of endogenous insulin secretion in the LF group, this response was absent in HF-fed animals even when hyperphagia was prevented by pair-feeding. Thus HF feeding induced hypothalamic inflammation and insulin resistance irrespective of whether hyperphagia occurred, suggesting that dietary fats may possess inherent obesogenic properties, whether by acting directly on target tissues or by indirect, perhaps, metabolic mechanisms.
Abundant evidence in animals and humans implicates both exogenous (palmitate infusion) and endogenous (tissue longchain acyl-CoA) fatty acids in the pathogenesis of insulin resistance triggered by activation of intracellular inflammatory signals. For example, long-chain acyl-CoA content and IKK␤ signaling are elevated in skeletal muscle sampled from morbidly obese, insulin-resistant humans (10) and exposure of cultured cells to palmitate induces insulin resistance via activation of IKK␤, IB␣, and NF-B signaling (11, 13, 43) . Similarly, we observed that intracerebroventricular infusion of palmitic acid (in chow fed rats) increases hypothalamic IKK␤ activation and impairs hypothalamic activation of the IRS-PI3K pathway by insulin. This observation supports a model in which consumption of a HF diet contributes to the development of CNS insulin resistance perhaps via a mechanism involving either elevated circulating FFA levels or increased de novo tissue synthesis of saturated fatty acids in key hypothalamic neurons. Whether such CNS resistance occurs early (23) in the course of HF feeding and actively contributes to increased food intake, adiposity, and peripheral insulin resistance characteristic of DIO is an additional important unanswered question.
Among the three long-chain acyl-CoA species measured in the hypothalamus of DIO rats and controls, increased levels were detected only in the saturated species, palmitoyl-CoA and stearoyl-CoA, whereas levels of the monounsaturated oleoylCoA were not significantly altered by HF feeding. One hypothesis to explain this outcome is that HF feeding reduces the activity of hypothalamic stearoyl-CoA desaturase-1/2 (SCD-1 or 2), the enzyme that desaturates palmitic and stearic acids to palmitoleic and oleic acids (28) . In the liver, reduced SCD-1 activity is implicated as a mediator of leptin action on lipid metabolism (4) and SCD-1 deficiency reduces triglyceride accumulation, protects against weight gain, and increases insulin sensitivity (31) . These observations raise the possibility that, as in related intracellular signaling systems (20) , the impact of reduced SCD-1 (or 2) activity in the CNS opposes its effect in peripheral tissues.
Interestingly, although we found that total circulating free fatty acid levels were elevated in HF-fed rats, consistent with other DIO models, the plasma profiles of fatty acids are known to reflect the dietary fat source. In these studies, the source of lipid was lard, which contains roughly double the content of oleic acid vs. palmitic acid, and this ratio was reflected in the circulating fatty acid profiles in our animals (data not shown). Thus patterns of long-chain fatty acid accumulation in hypothalamus do not appear to be the result of "mass action" accumulation of plasma fatty acids in tissue and likely involve processes that are more complex, including changes in longchain acyl-CoA oxidation and/or synthesis. Whether circulating free fatty acids or de novo synthesis supplies the majority of long-chain acyl-CoAs in nutrient-sensing hypothalamic neurons also remains to be addressed, as does the question of whether such processes are sensitive to changes of diet composition or energy balance (or both). Insight into mechanisms linking HF feeding to inflammatory signaling in hypothalamus and other tissues also awaits further study. Kim et al. (12) reported a requirement for Toll-like receptor 4 (TLR4; a component of the innate immune system) in the effect of HF feeding to induce vascular inflammation in a mouse model of DIO, as well as in the effect of palmitate to activate IKK␤ in cultured endothelial cells, and similar results have been reported in other tissues (5, 17, 35, 40 ; and others). Whether long-chain fatty acids activate inflammatory hypothalamic signals via TLR4 signaling is therefore an important unanswered question. Our finding that hypothalamic IKK␤ signaling increases in response to both HF feeding (even in the absence of excess energy intake) and acute fatty acid infusion into the third ventricle supports our hypothesis of a direct link between exposure to excess saturated FFA and cellular inflammation within the hypothalamus. The significance of the latter observation with respect to feeding behavior was addressed recently by Zhang et al. (44) , who reported that reduced neuronal IKK␤ signaling lowers susceptibility to DIO in mouse models, whereas increased IKK␤ signaling has the Fig. 7 . Effects of central IKK inhibitor on food intake, inflammation, and insulin signaling. Cumulative food intake measurements over a 24-h period after intracerebroventricular injection of vehicle or PS1145 (IKK inhibitor) in low-fat and high-fat fed animals are shown (A). PS1145 treatment results in increased total IB␣ levels (B) and modestly increased insulin stimulated phosphoserine PKB (C).
opposite effect, and implicated SOCS3 as a potential mediator of these responses. Our current finding that intracerebroventricular infusion of an IKK␤ inhibitor reduces food intake in rats fed a HF, but not a LF, diet and that it at least partially reverses hypothalamic insulin resistance in the former group identifies neuronal IKK␤ and related inflammatory molecules as interesting targets for obesity drug development.
In conclusion, we extend prior evidence that DIO is associated with central, as well as peripheral, insulin resistance and report the first evidence that HF feeding is characterized by the accumulation of potentially "inflammatory" lipid in the mediobasal hypothalamus. We also show that intracerebroventricular infusion of palmitate recapitulates the effect of a HF diet to induce hypothalamic inflammation and insulin resistance at the level of IRS-PI3K signaling and that the same responses occur even after consumption of a fat-rich diet at eucaloric levels. Finally, we demonstrate that activation of inflammatory signals such as IKK␤ appear to contribute to the effect of a HF diet to increase food intake and to cause insulin resistance in a rat model of DIO. Combined with growing evidence of a role for hypothalamic signaling via both PI3K and JAK-STAT in energy homeostasis, and of resistance to leptin activation of JAK-STAT signaling in mediobasal hypothalamus of DIO rats (23), our results support a model in which cellular exposure to excess nutrients, particularly dietary fat, triggers cellular inflammation and insulin resistance that in turn contribute to the pathogenesis of obesity. Identification of the molecular basis for these effects may yield novel approaches to the treatment of this increasingly common and costly metabolic disorder.
